Inflammation and reepithelialization after corneal abrasion are critical for the rapid restoration of vision and the prevention of microbial infections. However, the endogenous regulatory mechanisms are not completely understood. Here we report that the manipulation of autonomic nervous system (ANS) regulates the inflammation and healing processes. The activation of sympathetic nerves inhibited reepithelialization after corneal abrasion but increased the influx of neutrophils and the release of inflammatory cytokines. Conversely, the activation of parasympathetic nerves promoted reepithelialization and inhibited the influx of neutrophils and the release of inflammatory cytokines. Furthermore, we observed that CD64 +
INTRODUCTION
Corneal abrasions, which are nonpenetrating injuries to the cornea, are the most common ocular injuries in all age groups and can occur in any situation. 1 Eye-related diagnoses represent approximately 13% of all emergency room visits. 2 Of those, approximately 45% are corneal abrasions. If defects do not heal properly or are not treated promptly, corneal abrasions can progress to corneal ulcers, erosion, and microbial infections that result in further ocular damage and even long-term vision problems, including corneal perforation or scarring. 3, 4 Patients who are malnourished or who have compromised corneas are particularly at risk. Consequently, a more comprehensive understanding of the underlying processes and mechanisms at work during the healing of a corneal abrasion is necessary for the efficient and specific treatment of corneal impairment.
Corneal wound closure is orchestrated by a series of events involving reepithelialization, cell division, inflammation, and remodeling. [5] [6] [7] [8] [9] [10] After corneal abrasion, injured epithelial cells and keratocytes rapidly produce proinflammatory cytokines, such as interleukin (IL)-1, keratinocyte chemoattractant, LIX (a murine neutrophil-chemoattractant chemokine), macrophage inflammatory protein 1α (MIP-1α), tumor necrosis factor (TNF)-α, IL-6, 11 IL-17, 6 IL-20, 12 IL-22, 10 IL-25, and IL-33. 9 These cytokines recruit immune cells into the wound area and influence reepithelialization by different mechanisms. 5 Neutrophils are the first immune cell type to respond and massively populate the site of the corneal abrasion, where they release proteolytic enzymes and growth factors that help clear matrix debris and support nerve regrowth in the cornea. 6 After the initial neutrophil influx, there is an influx of macrophages that maintain or dampen the local inflammation, depending on whether proinflammatory cytokines (e.g., TNF-α and IL-6) or antiinflammatory cytokines (e.g., IL-4 and IL-10) are released. 9 Although inflammation can drive regeneration, it can also inhibit the restorative process if the reaction is excessive. 7 Finally, at the time of inflammation, the defect area will be recovered by the remaining reepithelialization-derived epithelial layer and dividing cells.
Corneal wound repair is different from the repair of other tissues owing to several unique features. 13 First, the absence of blood and lymphatic vessels limits the relative number of inflammatory cells trafficking to the wound after a corneal injury.
Second, the cornea has the highest density of nerve fibers among the peripheral tissues. This innervation plays an important role in maintaining the homeostasis of the corneal epithelium by releasing nutrients and growth factors. 14, 15 Third, recent observations by our study group have shown that classical natural killer cells that migrate to the cornea after corneal abrasion have newly discovered features that downregulate corneal inflammation. 8 However, a dysfunction or imbalance in such protective mechanisms may lead to abnormal inflammatory responses and permanent tissue impairment after an injury. Thus exploring the detailed regulatory mechanism of wound repair and inflammation after abrasion will be beneficial for the development of new therapeutic strategies that accelerate wound repair without unwanted side effects.
The autonomic nervous system (ANS), a division of the peripheral nervous system, is involved in the tissue regeneration process. The ANS exists in different tissues and organs. Autonomic nerves are present in all mammalian corneas, although the density varies among species. 16 In rabbit and cat corneas, sympathetic fibers account for 10-15% of nerve fibers, whereas in primates (including humans), using the similar techniques, sympathetic fibers are rarely found or are absent. 15, 17 Parasympathetic nerves also exist in the corneas of different species, with varied densities in rats, cats, dogs, and humans. 15, 18 However, it should be noted that the neuroanatomy of the ANS plexus innervating the murine cornea remains incompletely characterized. 19 The ANS balances the physiological functions of these tissues and organs through two branches, the sympathetic and parasympathetic nervous systems (SNS and PSNS, respectively). In neonatal mice, the mechanical interruption of the left vagus nerve, which is the predominate neural effector of the PSNS, was found to suppress regenerative responses in the heart following injury. 20 Moreover, mice subjected to sympathectomy exhibit failed cardiac regeneration following apical resection surgery. 21 Thus, in principle, the wound repair of the mammalian cornea could also be regulated by the ANS.
The SNS highly innervates both primary and secondary lymphoid tissues, and its nerve terminals lie in close proximity to the immune cells. 22 Thus the activation of the SNS can directly regulate the immune system by releasing the predominate adrenergic neurotransmitters epinephrine and norepinephrine. Additionally, immune cells, including macrophages, express α/β-adrenergic receptors (ARs) on the cell membrane. 23 These receptors allow immune cells to respond to neurotransmitters such as catecholamines (CChs: norepinephrine, epinephrine, and dopamine) released by the SNS nerve endings. Recent studies have further suggested a complex role of the SNS in regulating the immune system by crosstalk with local macrophages. 24 For example, a subset of macrophages in the intestine and adipose tissue not only preferentially express β2ARs but are also innervated by norepinephrine-secreting enteric neurons and sympathetic fibers. 25, 26 The communication between these neurons and macrophages rapidly induces tissue-protective responses to distal perturbations such as bacterial infections and transforms these macrophages into their proinflammatory state. Another recent landmark study found that the catecholaminergic splenic nerve can stimulate a subset of CD4 + T memory cells in the spleen to release acetylcholine (ACh). 27 These CD4 + T cells perform a key regulatory role in the prevention of excessive inflammation through the activation of the α-7 nicotinic acetylcholine receptor (α7nAChR) expressed on splenic macrophages.
The PSNS also continuously monitors and responds to inflammatory stimuli through its cholinergic anti-inflammatory pathways. 28 The anti-inflammatory response is triggered of ACh as signals transmitted by the PSNS to the periphery, mainly by way of ACh. 29, 30 These ACh molecules act on muscarinic and nicotinic ACh receptors (mAChRs and nAChRs, respectively) on immune cells, including macrophages. The binding between ACh and its receptors will initiate the anti-inflammatory response via the release of anti-inflammatory cytokines such as IL-10 through the inhibition of the nuclear translocation of nuclear factor-κB and the activation of Janus-activated kinase2-signal transducer and activator of transcription factor3. [31] [32] [33] [34] The stimulation of the vagus nerve results in anti-inflammatory effects via α7nAChR-expressing splenic macrophages. 35 These findings highlight a key role of the PSNS in modulating inflammatory signaling.
Corneal macrophages make up approximately 50% of the resident corneal leukocytes and primarily populate the central and peripheral corneal stroma. 36, 37 Our recent investigation indicated that corneal macrophages are critical for corneal wound repair and inflammation. 9 However, these macrophages are heterogeneous, differing with respect to their expression of CC chemokine receptor 2 (CCR2).
9 CCR2 + macrophages are presumably fetal liver-or bone marrow-derived and are proinflammatory. CCR2 + macrophages initiate inflammation in the same way as the classically activated (M1) macrophage subset in the early stage of corneal injury. In contrast, CCR2
− macrophages possibly originate from the yolk sac or fetal liver and show an anti-inflammatory phenotype like the alternatively activated (M2) subset during the later stage of wound healing. Moreover, a deficiency in either population results in impaired corneal wound healing through either the promotion or inhibition of inflammatory reactions. 9 While the regulatory effects of the ANS and its dynamic crosstalk with macrophages on systemic and local inflammation have been well studied, their complex role in orchestrating corneal wound repair remains less clear. To address this issue, we combined a murine model of corneal abrasion with pharmacological tools, a restraint-stress protocol, and cell phenotypic and transcriptional analyses for corneal macrophages to determine the influence of the ANS on the murine corneal wound-healing process. Our results reveal a novel mechanism by which interactions between ANS terminals and corneal tissues trigger or dampen inflammation after corneal abrasion by preferentially expressing different ARs or AChRs, respectively. This study also demonstrates the pharmacological facilitation of corneal reepithelialization and should, therefore, have significant clinical implications.
RESULTS
The autonomic neural network innervates the mouse cornea To visualize the sympathetic innervation of the mouse cornea, we employed a whole-mount technique with immunofluorescent staining using anti-tyrosine hydroxylase (anti-TH) or antivesicular monoamine transporter 2 (anti-VMAT2) antibodies as the markers of sympathetic nerve fibers. Similarly to other authors, 16, 17 we found that sympathetic nerve fibers are present in normal mouse corneas. However, we detected TH-positive nerve fibers in the corneal epithelium around Regions 2 and 3 (shown in Fig. S-2) , some of which spanned the entire lining (Fig. 1a) . Most sympathetic fibers in the stroma were located in the subbasal plexus and exhibited positive costaining for β-tubulin III (Fig. 1b) over the whole cornea. We also visualized fibers in the limbus, primarily running parallel to the blood vessels (Fig. 1c) . These results are in line with observations confirmed by Ivanusic et al., 19 who found that sympathetic nerve fibers exist not only in the mouse corneal stroma but also in the mouse corneal epithelium. Next, to determine the location and distribution of the parasympathetic fibers in the cornea, we used anticholine acetyltransferase (ChAT) antibodies as labels in the corneal limbus and stroma (Fig. 1d) . Labeling for ChAT allowed us to conclude that most of the parasympathetic fibers were distributed in the limbus, where they were closely associated with limbal vessels (Fig. 1d) . These results suggest that the mouse cornea is under dual control of the sympathetic and parasympathetic systems.
Sympathetic innervation modulates abrasion-induced reepithelialization and epithelial division SNS innervation has an important role in the regeneration of organs and tissues, such as the skin, heart, and others. 21, 38, 39 Sympathetic denervation accelerates or postpones wound-healing processes depending on the tissue type. Similarly, different kinds of stresses, such as traumatic injury or acute restraint treatment (RST) of animals, trigger the overactivation of the SNS and a massive release of catecholamine into the peripheral circulation to influence healing. [40] [41] [42] [43] [44] To determine the activation status of the SNS after corneal abrasion, we measured the plasma catecholamine concentrations in injured animals at 6, 12, 18, and 24 h after wounding. Abrasion-sham animals that received only intraperitoneal injections of pentobarbital without corneal abrasion were used as a control group. We used the RST model as a stress-related SNS overactivation model to understand the special role of higher SNS activation in corneal wound healing. The results showed that the plasma epinephrine concentration began to rise 6 h after corneal abrasion (a simple mechanical injury), reached its peak after 24 h, and was significantly higher than in the abrasion-sham control animals ( Figure S1 ). As expected, the RST treatment further increased the plasma epinephrine concentration, indicating enhanced activated sympathetic activity in normal wounded animals.
Corneal epithelial migration and proliferation after abrasion are key processes for rapid reepithelialization. To characterize the role of SNS activation in abrasion-induced corneal reepithelialization and epithelial mitosis, we first induced corneal abrasion in sham control animals and RST animals. We found that the reepithelialization after corneal abrasion in RST animals was significantly slower and the wound did not completely close until 48 h after abrasion compared with the normal control group (30 h; Fig. 2a , b, left; two-tailed t-test, P < 0.01). In addition, corneal epithelial division after abrasion in RST animals further decreased compared with the sham control group (Fig. 2b , middle and right; factorialdesign analysis of variance (ANOVA), P < 0.01). This finding indicates that the biased sympathetic activation condition further impaired wound healing after corneal abrasion.
To further demonstrate the role of sympathetic innervation and sympathetic activation in corneal reepithelialization and cell division, we designed systemic and local sympathetic removal models with 6-hydroxydopamine (6-OHDA) and superior cervical ganglionectomy (SCGx), respectively. In the two sham control groups-with only phosphate-buffered saline (PBS) injections or only-neck-skin incisions, respectively-the wounds were typically closed by 30 h with complete reepithelialization (Fig. 2a) . However, we found that, at 12, 18, and 24 h after abrasion, the percentages of unhealed area were significantly smaller in the 6-OHDA and SCGx groups than in the control animals (Fig. 2a, c, left ; factorial-design ANOVA, P < 0.01). Using the same treatment groups, we next investigated how the SNS affects the division of epithelial cells after corneal abrasion. We quantified the number of cells undergoing mitosis at several time points after abrasion and found that cell division peaked 24 h after abrasion in the control group (Fig. 2c, middle) . In contrast, cell division peaked at 18 h after abrasion in both the 6-OHDA-treated and SCGx groups (Fig. 2c, middle) . In addition, the increased cell proliferation in injured corneas at 18 h after corneal abrasion in SCGx-treated mice relative to the controls was confirmed by flow cytometric analyses of cells harvested from the injured corneas (Fig. 2d , left and middle). The number of Ki67 + corneal cells in the SCGx mice was higher than in the control mice ( Fig. 2d, right ; factorial-design The mouse autonomic nervous system modulates… Y Xue et al. ANOVA, P < 0.01). These data suggest that local innervation and activation of the SNS after abrasion inhibit reepithelialization and cell division of the cornea.
Many effects of the SNS on tissues and organs are mediated by the release of epinephrine and norepinephrine. To confirm the impaired effect of the SNS innervation and activation on the corneal wound healing described above, we tested the topical effects of isoproterenol (ISO), an isopropyl analog of epinephrine, as a nonselective βAR agonist to locally reconstitute epinephrine in both the 6-OHDA-treated and the balanced salt solution (BSS)-sham control groups. As expected, topical ISO administration in the BSS-sham control animals delayed the wound-healing process until at least 60 h after abrasion; this also occurred in the 6-OHDAtreated animals ( Fig. 2e , left; factorial-design ANOVA, P < 0.01). Additionally, epithelial cell division in both groups was inhibited to a large degree after abrasion (Fig. 2e , middle and right; factorialdesign ANOVA, P < 0.01). These data suggest that the woundhealing delay caused by SNS innervation and activation is mainly mediated by the CChs released after abrasion.
The effects of stress hormones such as norepinephrine and epinephrine resulting from sympathetic activation are mediated through binding to β1-, 2-, and 3-ARs on target cells. To select appropriate AR agonists and antagonists, we used reverse transcription quantitative-polymerase chain reaction (qRT-PCR) to obtain the expression profiles of genes encoding subunits of the AR types for neurotransmitters released by the SNS in the mouse cornea. The results showed that, among the βARs, β2-gene expression dominated over β1-gene expression in the mouse cornea, but little β3 expression was found (Fig. 2f) . Thus, in the next step, we topically applied the nonselective βAR blocker timolol to observe the effect of βAR blockage on reepithelialization and cell division. We found that, at 12, 18, and 24 h after abrasion, the percentages of unhealed area were significantly smaller in the topical timolol groups than in the controls (Fig. 2a , g, left; factorial-design ANOVA, P < 0.01). Using the same treatment groups, we next investigated the effect of topical timolol on the division of epithelial cells after corneal abrasion. We quantified the number of cells undergoing mitosis at several time points after abrasion and found that cell division peaked 24 h after abrasion in the control group. In contrast, cell division peaked at 12 h after abrasion in the timolol groups (Fig. 2g, middle) . To further confirm the therapeutic effect of the βAR antagonist on the impaired wound healing of the cornea in biased SNS activation animals, we also observed the course of reepithelialization and epithelial division in RST+topical timolol animals. As expected, the reepithelialization and the number of dividing cells in the RST+timolol group almost reached normal levels compared to both the RST and the normal control groups (Fig. 2g, right) . These results therefore indicate that the biased activation of the SNS inhibits both reepithelialization and epithelial proliferation after corneal abrasion and that blocking the βAR signaling pathway reverses this state of inhibition. Altogether, these data indicate that the blockage of the βAR signaling pathway was beneficial for the faster wound closure in both normal and highly biased sympathetic tones.
Sympathetic innervation stimulates abrasion-induced neutrophil recruitment to the wound The SNS influences the immune system and therefore controls the onset of inflammation at the cellular and molecular levels. 45 To investigate how this SNS innervation and activation affects neutrophil recruitment to the wounded cornea, we compared the dynamics of neutrophil influx to the wound area in three different regions (the limbus, wound margin, and wound center of the corneal stroma; Figure S2 ) among the eight groups of mice laid out in the last section: normal control, RST as a stress-related SNS overactivation model, 6-OHDA and SCGx as SNS removal models, topical ISO administration, 6-OHDA-pretreated plus topical ISO administration as a reconstitution model, epinephrine, topical timolol, and RST+topical timolol as a topical βAR antagonism model. The neutrophil influx to the wound was quantified by the number of Ly6G + neutrophils in the stroma of the limbus, the wound margin, and the wound center every 6 h for 30 h after abrasion (Fig. 3) . In each control run, the number of neutrophils in each region peaked 18 h after corneal abrasion (Fig. 3) .
As expected, we found that RST mice showed an in-advance peak of leukocyte trafficking in the limbus (Fig. 3a) . The total number of neutrophils from 0 to 30 h after abrasion significantly increased compared to the control group ( Fig. 3a; factorial-design ANOVA, P < 0.01). However, there was little effect on the neutrophil accumulation at the wound margin and center (Fig. 3a) .
The number of neutrophils in the SCGx and 6-OHDA-treated groups peaked at a similar time as the control group, but the actual peak values were significantly lower in the SCGx-and 6-OHDA-treated groups than in the control group ( Fig. 3b ; factorialdesign ANOVA, P < 0.01). This result in the SCGx group was confirmed by a flow cytometric analysis of cells harvested 18 h after corneal abrasion (Fig. 3f , left and middle); the number of Ly6G + neutrophils in the wounds of SCGx-treated mice was lower than in the control mice ( Fig. 3f , right; factorial-design ANOVA, P < 0.01). Together, these data suggest that the removal of both systemic and local SNS innervation suppresses the influx of neutrophils to the wound.
To confirm whether neutrophil recruitment to the wounded cornea is mediated by the release of epinephrine and norepinephrine from the SNS, we checked the topical effects of ISO as a nonselective βAR agonist in locally reconstituting epinephrine in both the 6-OHDA-treated and PBS-sham control groups. As expected, the neutrophil influx into three different areas peaked at 12 h in the animals with topical ISO administered; in the PBSsham control animals, this was shifted 6 h earlier (Fig. 3c , three Fig. 2 Effects of sympathetic function on corneal reepithelialization and division. a Fluorescein sodium (green) was used to visualize the wounded areas in control mice and those treated with timolol, SCGx, 6-OHDA, 6-OHDA+ISO, ISO, RST, or RST+timolol (n = 6 mice at each time point). b, c, e, and g (left) The corneal wound repair rates were faster than the control rates in the 6-OHDA (c), SCGx (c), and timolol (g) groups; slower in the RST (b), ISO (e), and 6-OHDA+ISO (e) groups; and did not change in the RST+timolol (g) group (n = 6 mice at each time point. b, c, e, and g (middle) Numbers of dividing cells at each time point after corneal abrasion (n = 6 corneas at each point). b, c, e, g (right) Total number of dividing cells from 0 to 30 h after corneal wounding. Although the total numbers for the timolol (g, right), 6-OHDA, and SCGx groups (c, right) did not differ from the controls, those for the RST (b, right), ISO (e, right), and 6-OHDA+ISO (e, right) groups were significantly lower. No difference was observed in the RST+timolol group (g) (n = 6 corneas at each point). d (left and middle) Ki67 + cells were phenotyped and analyzed by flow cytometry 18 h after corneal wounding in the SCGx and control groups. (d, right) 18 h after corneal wounding, more Ki67 + cells were found in the SCGx group than in the control group (n = 3 independent experiments, 10 mice per experiment). f In the mouse cornea, β2AR is the predominate βAR. Dividing cells were counted in 9 regions (Regions 1, 2, 3, 4, 5, 4' , 3' , 2' , and 1' in Figure S2 ) from limbus to limbus (n = 6 corneas at each point). The asterisk symbols indicate comparisons between different the experimental groups and the control. **P < 0.01, ## P < 0.01, ns = nonsignificant. RST restraint stress model, 6-OHDA chemical sympathectomy, SCGx superior cervical ganglionectomy, ISO isoproterenol, a βAR agonist, 6-OHDA+ISO topical treatment with ISO after chemical sympathectomy, timolol a βAR antagonist, RST+timolol topical treatment with timolol after RST
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left-most graphs). The cumulative total number in the topical ISO-PBS-sham control animals was significantly higher than in the topical PBS control group (Fig. 3c , far-right figure; factorial-design ANOVA, P < 0.01). However, in topical ISO-6-OHDA-treated animals, the total number of neutrophils was similar to that of the control group (Fig. 3c) . These data suggest that the wound-healing delay caused by SNS innervation and overactivation may be mediated mainly by CChs released from the SNS. The effects of stress hormones such as norepinephrine and epinephrine regulate the immune response and inflammation Fig. 3 Influence of sympathetic function on neutrophil trafficking to injured corneas. a-d Neutrophils trafficking to the limbus, wound margin, and wound center of the corneal stroma from 0 to 30 h after abrasion were counted. Enhancing the sympathetic activity with RST (a) and topical ISO (c) raised the number of neutrophils while blocking sympathetic activity with 6-OHDA (b), SCGx (b), or timolol (d) lowered the number of neutrophils (n = 6 corneas at each point). The far-right panels from a and d show the changes of total neutrophil numbers after surgical and pharmacological manipulations. e The neutrophil population, harvested from wounded corneas at 18 h after wounding, dominantly expressed β1AR. f Wound neutrophils (Ly6G + cells) harvested at 18 h after wounding from the corneas of either control mice (f, left) and mice treated with SCGx (f, middle) were phenotyped and analyzed by flow cytometry, respectively; the control group contained more neutrophils than the SCGx group (f, right; n = 3 independent experiments, 10 mice per experiment). The asterisk symbol indicates the comparison between different experimental groups and control group. **P < 0.01, ## P < 0.01. RST restraint stress model, 6-OHDA chemical sympathectomy, SCGx superior cervical ganglionectomy, ISO isoproterenol, a βAR agonist, 6-OHDA+ISO topical treatment with ISO after chemical sympathectomy, timolol a βAR antagonist, RST+timolol topical treatment with timolol after RST, SSC slide scatter
through the binding of different ARs expressed on the immune cells. 46 To understand the AR types expressed on neutrophils, we sorted the neutrophil population from the wounded corneas 18 h after abrasion. The transcriptional genes encoding subunits of the AR types examined via the qRT-PCR technique showed that these neutrophil populations dominantly expressed β1AR (Fig. 3e) . To observe the effect of a βAR blockade on neutrophil recruitment to the wounded cornea, we topically administered timolol after abrasion. We quantified the number of recruited neutrophils in the different regions of the wounded corneas at several time points after abrasion and found that the number of neutrophils in the limbus peaked 12 h after abrasion and shifted 6 h earlier than that of the control and RST+timolol-treated groups but not in the wound margin and wound center (Fig. 3d) . Compared to the normal control group, the number of neutrophils at both the wound margin and center were significantly lower ( Fig. 3d ; factorial-design ANOVA, P < 0.01). However, the cumulative total number from 0 to 30 h in the timolol-treated groups was lower than in the normal control group (Fig. 3d, far-right figure; factorial-design ANOVA, P < 0.01). To determine the effects of a βAR blockade on excessive neutrophil recruitment due to the SNS overreaction in the RST model, we quantified the number of recruited neutrophils in the different regions of the wounded corneas at several time points after abrasion. We found that the number of neutrophils in three different areas and the cumulative total number from 0 to 30 h after abrasion were restored to the level seen in normal control animals (Fig. 3d) . Altogether, these data indicate that a blockage of the βAR signaling pathway suppresses neutrophil recruitment to the wounded cornea and could alleviate excessive inflammation owing to an overreaction of the SNS.
Cholinergic parasympathetic signaling regulates wound closure The presence of parasympathetic fibers in the corneal limbus and corneal stroma led us to evaluate the role of the PSNS in corneal epithelial wound repair. Postganglionic PSNS neurons activate classic effector organs mainly by releasing ACh onto mAChRs (M1-M5) and nAChRs (containing α1-10, β1-4, and γ units) Fig. 4 Effects of parasympathetic function on corneal reepithelialization and division. a In the mouse cornea, M2 is the predominate muscarinic acetylcholine receptor, and b α1, 4, and 7 nicotinic receptors are the predominate nicotinic receptors. c Fluorescein sodium (green) was applied to visualize the wounded areas in the control mice and those treated with α7nAChR and mAChR agonists (nicotine and pilocarpine, respectively) or antagonists (mecamylamine and atropine, respectively; n = 6 mice at each point). d, e (left) Corneal wound repair rates following treatment with nicotine, mecamylamine (d), and atropine, but not pilocarpine (e), were markedly different from those in the control group (n = 6 mice at each point). d, e (middle) The numbers of dividing cells at each time point after corneal abrasion (n = 6 corneas at each point). d, e (right) Total number of dividing cells from 0 to 30 h after corneal wounding. The total numbers were increased in the nicotine group (d) and decreased in the mecamylamine (d) and atropine (e) groups compared to the controls. No change was observed in the pilocarpine group (c; n = 6 corneas at each point). The asterisk symbols indicate comparisons between different experimental groups and the control. *P < 0.05, **P < 0.01, # P < 0.05, ## P < 0.01. Nicotine an nAChR agonist, Mec mecamylamine, an nAChR antagonist, pilocarpine an mAChR agonist, atropine an mAChR antagonist, α7nAChR α-7 nicotinic acetylcholine receptor, mAChR muscarinic ACh receptor 47 To select appropriate agonists and antagonists to mAChRs and nAChRs to work on murine corneal cells, we detected the transcriptional expression profile of acetylcholine receptors (mAChRs and nAChRs) in the normal murine cornea with the qPCR technique. The results showed that, among the mAChRs (M1-5), M2 and M5 were expressed more than the others (Fig. 4a) . Of the six main N-receptor subunits (α1, α4, α7, β1, β2, and δ), α1, α4, and α7 were the ones predominately expressed in the cornea (Fig. 4b) . Thus corneal cells in mice predominately express the M (2, 5) AChRs and the α (1, 4, 7) nAChRs.
To confirm the effects of the nAChR signaling pathway on reepithelialization and cell division after abrasion, we applied nicotine topically as an agonist for a variety of pentameric nAChRs and mecamylamine as a noncompetitive nicotinic receptor antagonist after inducing corneal wounds. The results showed that reepithelialization in the control group was completed 30 h after corneal abrasion, as before (Fig. 4c) . In contrast, wound closure was completed 18 h after abrasion in the nicotine-treated group (Fig. 4c) . Interestingly, wound closure was not completed until 48 h after abrasion in the mecamylamine-treated group (Fig. 4c) . In addition, we counted and compared the differences in the number of corneal epithelial cells among the topical nicotinetreated, the topical mecamylamine-treated, and the control groups. The results showed that the numbers of dividing cells in the nicotine-treated group significantly increased at 6, 12, and 18 h after abrasion ( Fig. 4d, middle; factorial-design ANOVA, P < 0.01). The cumulative total number of dividing cells from 0 to 30 h after abrasion was also significantly increased compared to the control group (Fig. 4d, right; factorial-design ANOVA, P < 0.01). However, compared to the control group, the number of dividing cells in the mecamylamine-treated group was significantly decreased at 12, 18, 24, and 30 h after abrasion ( Fig. 4d, middle; factorial-design ANOVA, P < 0.01). In contrast to the nicotinetreated group, the cumulative total number of dividing cells in the mecamylamine-treated group from 0 to 30 h after abrasion was significantly decreased compared to the control group (Fig. 4d,  right; factorial-design ANOVA, P < 0.01). These data suggest that the engagement of nAChRs alters reepithelialization. The pharmacological stimulation of nAChRs accelerates postabrasion corneal reepithelialization and increases the number of dividing cells.
In the next step, we topically applied atropine as a specific antagonist against muscarinic receptors and pilocarpine as a nonselective muscarinic receptor agonist to observe the role of mAChRs in reepithelialization after corneal abrasion. The results showed that atropine significantly inhibited corneal reepithelialization compared to the control mice ( Fig. 4e ; two-tailed t-test, P < 0.01), with the wound area remaining open until at least 30 h after abrasion (Fig. 4e) . Unexpectedly, pilocarpine did not have any significant effect on mouse reepithelialization in this study (Fig. 4c, e) . We next examined whether muscarinic receptors affect postabrasion cell division by counting mitotic cells in the corneal epithelium from limbus to limbus. In the control group, the mitotic Fig. 5 Influence of parasympathetic fibers on neutrophil trafficking to injured corneas. a In the neutrophil population, harvested from wounded corneas at 18 h after wounding, M2 is the predominate muscarinic acetylcholine receptor. b In the neutrophil population, harvested from wounded corneas at 18 h after wounding, the α1, 4, and 7 nicotinic receptors are the predominate nicotinic receptors. c, d Neutrophils trafficking to the limbus, wound margin, and wound center region of the corneal stroma from 0 to 30 h after abrasion were numerated in the parasympathetic pharmacological manipulations (n = 6 corneas at each point). The asterisk symbols indicate comparisons between different experimental groups and the control. *P < 0.05, **P < 0.01, and ## P < 0.01 comparing groups as indicated in the figure. Nicotine an nAChR agonist, Mec mecamylamine, an nAChR antagonist, pilocarpine an mAChR agonist, atropine an mAChR antagonist
The mouse autonomic nervous system modulates… Y Xue et al. cells began to increase at 12 h and peaked at 24 h (Fig. 4e) . In the topical atropine-treated group, the number of epithelial cell divisions significantly decreased at 12, 18, 24, and 30 h after abrasion compared to the control mice ( Fig. 4e, middle; factorialdesign ANOVA, P < 0.01). Unexpectedly, in the pilocarpine-treated group, the peak of cell division shifted 6 h earlier than the control group and the atropine-treated group (Fig. 4e, middle) . However, the total number of cell divisions from 0 to 30 h did not change (Fig. 4e, right) . These data suggest that the local blockage, not activation, of mAChRs significantly influenced the reepithelialization and epithelial cell division.
Cholinergic parasympathetic signaling regulates abrasion-induced neutrophil recruitment to the wounded cornea Stimulation of the PSNS is known to inhibit the release of proinflammatory cytokines in infected or injured tissues. 48, 49 Immune cells express some nAChR subunits (α1-10) to varying degrees and express all mAChRs (M1-M5). 50 However, this expression has not been demonstrated in the cornea, especially with regard to neutrophil infiltration during wound healing. To observe how PSNS activity affects postinjury neutrophil influx, we first sorted and purified Ly6G + neutrophils from wounded corneas 18 h after abrasion and then checked the transcriptional genes encoding subunits of mAChRs and nAChRs. However, our data showed that this neutrophil population dominantly expressed two muscarinic acetylcholine receptors, M2 and M5 (Fig. 5a) , and the α1, α7, β2, and δ subunit of nAChRs (Fig. 5b) .
In the next step, we compared and analyzed the dynamics of neutrophil trafficking to the wounded corneas of nicotinic receptor agonist nicotine-and antagonist mecamylamine-treated mice. The numbers of neutrophils in the corneal limbus and wound edge area in the nicotine group were significantly lower Fig. 6 Influence of the autonomic nervous system on local cytokine release after corneal abrasion. Quantification of the cytokines IL-1α, LIX, MIP-1α, IL-6, and IL-10 in the corneal homogenate samples at 0, 6, 12, and 18 h after abrasion was performed using the sandwich ELISA technique to observe the influence of sympathetic (topical timolol and SCGx in a and topical ISO in d) and parasympathetic (topical nicotine and Mec in b, topical pilocarpine and atropine in c, and topical nicotine in d) signaling pathways on the local release of the associated inflammatory molecules. Pooled data were obtained from three different experiments. The data are presented as the mean ± SD (n = 3 independent experiments, 5 mice (10 corneas) at each time point). Asterisk symbols indicate comparisons between different experimental groups and the control. **P < 0.01, ## P < 0.01. Timolol a βAR antagonist, ISO isoproterenol, a βAR agonist, SCGx superior cervical ganglionectomy, Nicotine an nAChR agonist, Mec mecamylamine, an nAChR antagonist, Pilocarpine an mAChR agonist, Atropine an mAChR antagonist
than in the control group at some of the time points ( Fig. 5c ; factorial-design ANOVA, P < 0.01 at 18 and 24 h). In contrast, the number of neutrophils was significantly higher in the mecamylamine-treated group than in the controls, though the timing of their peaks was similar ( Fig. 5c ; factorial-design ANOVA, P < 0.01). These results suggest that the stimulation of nAChRs inhibits the rate and number of neutrophils trafficking to the injured cornea following corneal abrasion.
We also observed the effects of pilocarpine (an mAChR agonist) and atropine (an mAChR antagonist) on the dynamics of neutrophil trafficking to the wounded cornea. We found that, although the number of neutrophils in the pilocarpine group differed significantly from the controls at certain time points, the differences were very small ( Fig. 5d ; factorial-design ANOVA, P < 0.01 at 12, 18, and 24 h). In contrast, the number of neutrophils in the atropine-treated group was much higher than in the 
CCR2
− and CD45 + CD64 + CCR2 + macrophages (right) were phenotyped and sorted from a presorted CD45 + cell population (left) of collagenase-digested single-cell suspension in the normal corneas by flow cytometry (n = 3 independent experiments, 10 mice per experiment). d Expression analysis showed that β2AR and α7nAChR are preferentially expressed in CCR2 + and CCR2 − corneal macrophages, respectively. e CCR2 + and CCR2 − macrophages were sorted from 6-h corneal wounds that were treated with either topical ISO or nicotine, and the gene expression of the cytokines TNF-α, IL-6, Arg1, and IL-10 was assessed (n = 3 independent experiments, 10 mice per experiment). All scale bars in a, b 20 μm. **P < 0.01. AR adrenergic receptor, α7nAChR α-7 nicotinic acetylcholine receptor, SSC side scatter, ISO isoproterenol, Arg1 arginase 1
The mouse autonomic nervous system modulates… Y Xue et al. controls ( Fig. 5d ; factorial-design ANOVA, P < 0.01). These findings suggest that the blockage of mAChRs with atropine triggers neutrophil influx into the wounded cornea after abrasion.
The ANS influences the production of inflammation-related cytokines following corneal abrasion Cytokines relevant to inflammation play an important role in wound repair. We examined whether ANS-biased activation influenced a local release of inflammation-related cytokines after corneal abrasion. An enzyme-linked immunosorbent assay (ELISA) on extracts from a pool of 10 corneas collected every 6 h after epithelial abrasion was performed. Based on our previous report showing that corneal abrasion stimulates a strong immune response by 18 h, we extracted protein from the corneas of different treatment groups at 0, 6, 12, and 18 h postabrasion. 5 The results revealed striking differences in the production of three murine neutrophil-chemoattractant chemokines: IL-1α, LIX, and MIP-1α. The level of each of these inflammatory cytokines was significantly lower when sympathetic activity was blocked (Fig. 6a , SCGx and timolol groups; factorial-design ANOVA, P < 0.01). In contrast, the levels of IL-1α and MIP-1α were significantly upregulated at 12 and 18 h after abrasion following the inhibition of parasympathetic activity with the nAChR antagonist mecamylamine, and the levels of LIX were significantly upregulated 18 h after abrasion only ( Fig. 6b ; factorial-design ANOVA, P < 0.01). Increases in IL-1α and MIP-1α were also upregulated 12 and 18 h after abrasion following the inhibition of parasympathetic activity with the mAChR antagonist atropine ( Fig. 6c ; factorial-design ANOVA, P < 0.01). In a somewhat different pattern, IL-1α and MIP-1α, but not LIX, were significantly downregulated 18 h postabrasion following parasympathetic excitation with the nAChR agonist nicotine. IL-1α and MIP-1α were significantly downregulated at 12 and 18 h postabrasion, respectively, with the mAChR agonist pilocarpine (Fig. 6b, c; factorial-design ANOVA, P < 0.01). Additionally, we compared dynamic changes in the local levels of the proinflammatory cytokine IL-6 and the anti-inflammatory cytokine IL-10 in ISO-and nicotine-treated groups. The IL-6 concentration peaked 6 h after corneal injury in the ISO group, while the IL-10 concentration remained significantly higher 6 and 12 h after injury in the nicotine group ( Fig. 6d ; factorial-design ANOVA, P < 0.01). These results suggest that the ANS is able to promptly regulate the levels of several inflammatory mediators after corneal abrasion. More specifically, our findings imply that sympathetic activation might be involved in triggering the inflammatory response, while parasympathetic activation might be responsible for inhibiting inflammation.
Two distinct subsets of corneal macrophages with different ANS receptor expression To understand the cellular localization of ANS receptors in the mouse cornea, we employed corneal whole-mount tissue staining and immunofluorescence. The results showed that most of the β2AR-positive cells costained with the macrophagespecific marker CD64 were found around blood vessels in the limbus (Fig. 7a) . Similarly, most of the CD64 + macrophages around the corneal limbus were also positive for α7nAChR (Fig. 7b) . These data suggest that CD64 + macrophages around the corneal limbus express both β2AR and α7nAChR. To compare the differences in the expression of β2AR and α7nAChR between these macrophage subsets, we sorted and separated cells and detected the transcriptional profiles of adrenergic and ACh receptors. As speculated, CCR2
+ cells predominately expressed high levels of Adrb2 (encoding β2AR), while CCR2 − macrophages predominately expressed high levels of Chrna7 (encoding α7nAChR; Fig. 7c, d ). Thus the cornea contains two distinct subsets of macrophages with specific patterns of expression for receptors involved in ANS neurotransmitters: β2AR high CCR2 + and α7nAChR high CCR2 − .
Receptors for ANS neurotransmitters mediate the polarization of corneal macrophage activation The above observations indicate an intratissue specialization among corneal macrophages with the potential for modified responses when the activation of the ANS is biased. We next asked whether β2AR-mediated signaling contributes to in vivo CCR2 + macrophage polarization after topical ISO administration. CCR2 + macrophages were sorted from corneal wounds 6 h after injury in topically epinephrine-stressed mice, and the gene expression of M1-related proinflammatory cytokines (TNF-α and IL-6) was then determined using qRT-PCR analysis. The results show that treatment with topical epinephrine resulted in significant further upregulation of TNF-α and IL-6 ( Fig. 7e, top; factorial-design ANOVA, P < 0.01). These data support a crucial role for resident CCR2 + macrophages in producing the proinflammatory molecules TNF-α and IL-6 via β2AR activation in response to local and systemic elevations in epinephrine.
We also further addressed whether α7nAChR-mediated signaling contributes to in vivo CCR2
− macrophage polarization after the topical administration of nicotine on wounded corneas. An analysis of sorted CCR2
− macrophages from nicotine-treated mice confirmed significantly higher levels of active translation for the M2-related genes IL-10 and Arg1 than were found in sorted macrophages from normal, injured, or locally ISO-treated corneas ( Fig. 7e, bottom; factorial-design ANOVA, P < 0.01). These data provide evidence that PSNS activation may trigger changes in IL-10 and Arg1 gene expression in corneal CCR2
− macrophages via local α7 cholinergic signaling.
DISCUSSION
We have shown that the cornea is under dual control by the sympathetic and parasympathetic systems, which counterregulate wound repair and inflammation after a corneal injury. Two different macrophage subsets in the cornea preferentially express different ANS neurotransmitter receptors, with the CCR2 + subset expressing the β2AR and the CCR2 − subset expressing α7nAChRs. The pharmacological blockage of βAR signaling and the activation of nAChR signaling accelerated the wound-healing process and inhibited inflammatory responses after corneal abrasion.
Role of sympathetic innervation in the regulation of corneal reepithelialization and proliferation Through the production of nutrients and trophic factors, sensory nerve fibers play a vital role in maintaining the homeostasis of the corneal epithelium. 15 However, little is known about the role of autonomic innervation in the corneal epithelium after an injury. Our results revealed that removing SNS activity and blocking the βAR signaling pathway not only significantly accelerated reepithelialization of the injured cornea but also shifted the time of peak corneal epithelial mitosis 6-12 h earlier. This is consistent with studies conducted in vitro in corneal cell culture models using βAR antagonists. 51, 52 βAR blockage has the potential to accelerate wound closure by altering the epithelial cell shape and cytoskeletal orientation. Indeed, we found that the reverse was also true; topical βAR agonists significantly inhibited epithelial migration and proliferation in vivo. Together, these results suggest that sympathetic neurons serve as negative regulators of epithelial cell migration and proliferation after corneal trauma. Conversely, blocking the βAR signaling pathway has clinical potential for alleviating impaired wound healing, such as that found in diabetes patients.
Role of parasympathetic innervation in corneal reepithelialization and proliferation We found that nicotine significantly accelerated reepithelialization and proliferation after a corneal epithelial injury. Studies have
shown that, in addition to playing a role in epithelial wound repair, exogenous 53 or endogenous 54 nicotine stimulates endothelial cell migration and proliferation. Likewise, another study has shown that nicotine significantly accelerates the wound-healing process in diabetic mouse skin via a mechanism similar to that of the basic fibroblast growth factor. 55 We found that the use of the topical nonselective channel blocker mecamylamine significantly inhibited corneal regeneration and repair. Interestingly, although the topical application of the mAChR agonist pilocarpine did not result in significant reepithelialization, the application of the mAChR antagonist atropine significantly inhibited the reepithelialization process. These contradictory phenomena may be associated with the inhibition of lacrimal gland function by atropine, which effectively decreases the amount of secreted nutrients and growth factors. 56, 57 Another reasonable explanation is that there was already optimal agonist activity in the abraded cornea so that adding additional agonist would have no effect. Overall, these results suggest that, in the case of the cornea, stimulating the nAChRs-but not the mAChRs-of parasympathetic neurons accelerates reepithelialization and proliferation. Given these observations, we propose that nAChRs are potential targets for treating impaired wound repair.
Role of sympathetic innervation in corneal inflammation
Studies have shown that the sympathetic nerves can negatively or positively modulate the inflammatory response in a contextdependent manner. [58] [59] [60] Our study shows that a simple mechanical abrasion of the corneal epithelium can quickly activate the sympathetic nervous system. Moreover, a surgical sympathectomy or a pharmacological blockage of the βAR signaling pathway significantly reduces the migration and recruitment of leukocytes to the limbal vascular network after a corneal abrasion. However, + macrophages, where it promotes neutrophil recruitment via the production of neutrophil chemoattractants (IL-1α, IL-6, LIX, TNF-α, and MIP-1α). (Right) Nerve endings from the PSNS release acetylcholine (ACh), which (1) acts on nicotinergic or/and muscarinic receptors on corneal cells, where it stimulates the proliferation and migration of epithelial cells; and (2) acts on CCR2 − macrophages to inhibit inflammation through the production of IL-10 and Arg1. SNS sympathetic nervous system, NE norepinephrine, β-AR β-adrenoceptor, PSNS parasympathetic nervous system, ACh acetylcholine, AChR acetylcholine receptor, CCR CC chemokine receptor, IL interleukin, LIX a murine neutrophil-chemoattractant chemokine, TNF tumor necrosis factor, MIP macrophage inflammatory protein, Arg1 arginase 1
both the topical application of the adrenergic agonist and the systemic activation of the SNS with the restraint protocol promote neutrophil migration to the wound, suggesting that in the corneal abrasion model, the presence of sympathetic nerves promotes an inflammatory response. This study expands our current understanding of SNS-mediated impairment of wound healing and provides an important potential target for controlling biased overactivation of the SNS, such as stress that leads to exacerbated inflammation via the blockage of the sympathetic signaling pathway.
Role of parasympathetic innervation during corneal inflammation The PSNS also plays an important role in the development, progression, and regression of inflammation, acting in opposition to the SNS to maintain physiological homeostasis. 61, 62 In this study, we found that the topical application of the nAChR agonist nicotine significantly reduced the number of neutrophils accumulated in the limbus, as well as the number that migrated to the wound area. In contrast, the topical application of the nAChR antagonist mecamylamine increased both the number of limbal leukocytes and their rate of migration to the injured area. This suggests that parasympathetic activation may play an inhibitory role in the inflammatory response to corneal trauma. This is consistent with previous studies reporting that nicotine inhibits leukocyte recruitment and decreases vascular endothelial cell activity during wound healing 55 and that mecamylamine promotes leukocyte recruitment and endothelial cell viability in the macula of the retina. 53 Thus the selective activation of cholinergic receptors may modulate inflammatory responses in the cornea. Based on these findings, we propose that the nAChR might also be a promising molecular target for regulating dysfunctional inflammation after corneal abrasion.
Studies show that mAChRs are also involved in regulating immune and inflammatory responses. Early functional and binding studies revealed the presence of all five mAChRs (M1-M5) on lymphocytes, macrophages, and dendritic cells. 50 Moreover, spleen cells in M1/M5 knockout mice produce fewer antibodies, less TNF-α, and less IL-6 than wild-type mice. 63 Here we first defined the profile of the mAChR subunit expression on the activated neutrophils in the wounded cornea. We also found that the topical administration of the mAChR antagonist atropine significantly increased the production of proinflammatory cytokines and neutrophil infiltration into the wounded cornea. This suggests that the activation of mAChRs also inhibits a neutrophil influx to the wounded cornea after corneal abrasion. This might also explain that the impairment of reepithelialization after the topical use of atropine described above is partially due to greater neutrophil infiltration.
Polarization of corneal macrophages is controlled by the ANS ANS innervation in peripheral organs and some tissues is linked to enhanced or attenuated inflammatory responses through the release of different neurotransmitters that bind ARs and AChRs in immune cells. 64 In the intestines, lamina propria macrophages preferentially express a proinflammatory phenotype compared with muscularis macrophages (MMs), which display a tissueprotective phenotype. Upon luminal bacterial infection, extrinsic sympathetic neurons innervating the gut muscularis swiftly activate MMs via norepinephrine signaling to β2ARs to further enhance tissue-protective programs. 25 Our data suggest that epinephrine released by SNS neurons initiates a proinflammatory response by binding to β2ARs that are highly expressed on corneal CCR2
+ macrophages. It also indicates that the ACh released by PSNS neurons mitigates the inflammatory state by binding to α7nAChRs that are highly expressed on corneal CCR2 − macrophages. The greater expression of different ANS receptors by local macrophages might represent a mechanism through which the local inflammatory response is regulated by the preferential targeting of these different cell types. However, other resident immune cells, such as T cells, innate lymphoid cells, 65 and mast cells in the cornea could also express different ANS receptors. 66 Thus these immune cells may also be involved in this complicated regulatory process, because local innervation and systemic transmitters from the ANS can directly reach these local cells. Future studies are required in order to confirm this.
In conclusion, our results suggest a novel mechanism for the induction and regulation of inflammation after corneal abrasion: the direct ANS-mediated activation of corneal macrophages by two distinct cellular and molecular mechanisms (Fig. 8) . More specifically, we found that sympathetic nerve activation supports the local inflammatory reaction by stimulating CCR2
+ macrophages and inhibits the proliferation and migration of corneal epithelial cells by activating β2AR. Conversely, the activation of parasympathetic neurons inhibits local inflammation by stimulating CCR2
− macrophages and promotes the proliferation and migration of corneal epithelial cells by activating α7nAChR. Therefore, once the key players in the mechanisms underlying the autonomic functions have been pinpointed, therapies targeting these systems may effectively control the inflammation and renewal processes after corneal wounding. 
METHODS

Animals
Corneal epithelial wound model
The wound model was employed as previously described. 10 Briefly, a central circular epithelial defect (2 mm) was made with a golf-club-like blade in the murine cornea. To evaluate wound closure, the fluorescein-stained area was photographed with a stereomicroscope every 6 h and followed by a digital analysis of the stained images until the wound healed.
Whole-mount immunofluorescence Immunostaining of whole-mount corneas was performed as previously described. 6 Briefly, normal or wounded corneas were routinely excised, fixed, washed, blocked, and permeabilized. To stain sympathetic fibers, corneas were incubated with anti-TH antibody or goat-anti-mouse VMAT2 polyclonal antibody, antineuron-specific β-tubulin III antibody, and APC Rat Anti-Mouse CD31 antibody overnight at 4°C. To examine the location and distribution of β2AR in the corneal limbus, corneas were incubated with fluorescein isothiocyanate (FITC) anti-β2AR antibodies (1:200), phycoerythrin (PE) anti-mouse CD64 for macrophages, and allophycocyanin (APC) rat anti-mouse CD31 for limbal vessels simultaneously. For staining parasympathetic fibers, corneas were incubated with anti-ChAT antibody, anti-β-tubulin III antibodies, and APC rat anti-mouse CD31 overnight. To show the spatial relationship between limbal vessels, α7nAChR+cells, macrophages, and corneas were incubated with rabbit anti-mouse α7nAChR-FITC, PE anti-mouse CD64, and APC rat anti-mouse CD31 and were then incubated with FITC AffiniPure donkey anti-rabbit immunoglobulin G. Wounded corneas were incubated with the following labeled antibodies overnight a 4°C: anti-mouse Ly6G FITC for neutrophils and anti-mouse CD31-PE or APC for the limbic vessel endothelium. Finally, whole corneas were cut into four quadrants, stretched, and mounted with antifade mounting medium containing 4,6-diamidino-2-phenylindole to assess the The mouse autonomic nervous system modulates… Y Xue et al.
nuclear morphology and cell division. Details regarding the antibodies can be found in Table S1 .
qRT-PCR The corneal tissue was cut into pieces, placed in Buffer RZ, and smashed using a TissueRuptor as described previously. 9 Total RNA was extracted from the tissue with the RNAsimple Total RNA Kit, and cDNA was synthesized using the ReverTraAce qPCR RT Kit, following the manufacturer's instructions. Further details are provided in the Supplementary Materials and Methods. The PCR primers used in this study are shown in Table S2 .
Flow cytometric immunophenotyping, sorting, and transcript amplification in corneal neutrophils and macrophages Flow cytometric immunophenotyping, sorting, and transcript amplification of corneal neutrophils and macrophages was performed as described previously. 9 In brief, corneal cell suspensions were obtained by collagenase type-I digestion and stained with a mixture of antibodies including anti-mouse CD45 antibody conjugated with bv510 and anti-mouse Ly6G conjugated with FITC; the stained corneal cells were sorted by flow cytometry using a BD FACSAria to obtain the Ly6G + neutrophils. The antibodies, including anti-mouse CD45 antibody conjugated with FITC, antimouse CD64 conjugated with PE, and anti-mouse CCR2 conjugated with APC, were used to stain the macrophages. The stained corneal cells were sorted by flow cytometry using a BD FACSAria to obtain CD45 +
CD64
+ CCR2 − and CD45
+ macrophages. Finally, the REPLI-gWTA Single Cell Kit (Qiagen; no. 150063) was used for transcript amplification of small numbers of neutrophils and macrophages.
Pharmacological autonomic agonism and antagonism To observe the effects of β2AR agonists and antagonists on wound healing, some mice received a 5-μl eye drop containing either a 0.05 M solution of the β2AR agonist ISO or a 0.01 M solution of the β2AR blocker timolol in BSS at 0, 12, and 24 h after wounding. To observe the effect of the mAChR signaling pathway on corneal wound healing, some mice were topically treated with the mAChR receptor agonist pilocarpine at 0.02 M or with the mAChR antagonist atropine at 0.05 M, each dissolved in BSS.
Restraint (RST) stress model To induce stress, a daily physical-restraint stress model was used as previously described. [40] [41] [42] In brief, mice were confined within loosely fitting, well-ventilated 50-ml conical tubes for a period of 12 h during their active nocturnal cycle. Restraint started at 6:00 P. M. (dark onset) and ended at 6:00 A.M. The restraint was initiated 3 days before wounding. Control mice were deprived of food and water during the same time period but were free to roam their cages.
Superior cervical ganglionectomy Mouse SCGxs were performed based on a published technique. 67 Briefly, under general anesthesia with pentobarbital, a 1-cm incision was made in the disinfected skin of the ventral neck region. The salivary glands were exposed and retracted to expose the underlying muscles. After sectioning the omohyoid muscles and dissecting the common carotid artery, the SCG was identified behind the carotid bifurcations and then gently pulled until their avulsion. In the sham group, only-neck-skin incisions were performed without removing the SCG and were closed with nylon sutures.
Chemical sympathectomy The 6-OHDA in PBS solution was freshly prepared for each experiment and was used immediately for intraperitoneal injections (200 mg/kg). 68 Sympathectomy was confirmed in the wholemount corneas by immunofluorescent staining (described above) to identify sympathetic nerves. At day 2 after the injection, the cornea was experimentally injured in accordance with the corneal epithelial wounding model. The control animals received injections of PBS alone.
Quantitative analysis of neutrophil influx and epithelial division To compare the difference in the abundance of neutrophils (Ly6G + cells) infiltrating the wound regions among the different groups and at different time points after abrasion, we divided each cornea into five regions as previously described 5, 69 ( Figure S2 ). The three-dimensional images through whole corneal thickness in the limbus (Region 1 in Figure S2 ), the corneal wound margin (Region 3 in Figure S2 ), and the corneal wound center (Region 5 in Figure S2 ) were collected using a DeltaVision Elite microscope (GE Healthcare Bio-Sciences, Pittsburgh, PA) at 40×. Two examiners, who were blinded to the corneal specimens, manually counted the neutrophil number in the whole corneal thickness in a stepwise manner by adjusting the scroll arrow of the dialog box in the opened file by the two examiners who were blinded to the corneal specimens. To compare the relative numbers of dividing cells, the corneas were subdivided into nine fields (Regions 1, 2, 3, 4, 5, 4', 3', 2', and 1') from limbus to limbus 9 ( Figure S2 ).
Measurement of cytokine/chemokine levels in the wounded corneas IL-1α, LIX, MIP-1α, IL-6, and IL-10 were analyzed by ELISA (RayBiotech, USA) in the extracts of corneas collected at 0, 6, 12, and 18 h after abrasion, as previously described. 6, 10 Briefly, 10 corneas from each time point were pooled in 1 ml of RPMI 1640 medium. All the samples were subjected to three freeze-thaw cycles and sonication for 30 s at 250 Hz. All the homogenates were stored at −80°C until needed. The supernatant was used for ELISA according to the manufacturer's instructions. All the samples at each time point were assayed in triplicate.
Statistical analyses ANOVA tests were performed using the SPSS 17.0 software (SPSS, Inc., Chicago, IL, USA), and P-values <0.05 were considered statistically significant. All the data are expressed as the mean ± standard deviation (SD). The statistical significance for wound closure rates was assessed by two-tailed Student's t-tests. Factorial-design ANOVAs with post hoc Tukey's tests were performed to compare data from independent samples.
